We analyzed the genetic recombination pattern of the T-cell receptor beta-chain gene (TCR-beta) in order to identify clonal expansion of T-lymphocytes in 17 human T-lymphotropic virus type I (HTLV-I)-positive healthy carriers, 7 of them with abnormal features in the peripheral blood lymphocytes. Monoclonal or oligoclonal expansion of T-cells was detected in 5 of 7 HTLV-I-positive patients with abnormal lymphocytes and unconfirmed diagnosis by using PCR amplification of segments of TCR-beta gene, in a set of reactions that target 102 different variable (V) segments, covering all members of the 24 V families available in the gene bank, including the more recently identified segments of the Vbeta-5 and Vbeta-8 family and the two diversity beta segments. Southern blots, the gold standard method to detect T-lymphocyte clonality, were negative for all of these 7 patients, what highlights the low sensitivity of this method that requires a large amount of very high quality DNA. To evaluate the performance of PCR in the detection of clonality we also analyzed 18 leukemia patients, all of whom tested positive. Clonal expansion was not detected in any of the negative controls or healthy carriers without abnormal lymphocytes. In conclusion, PCR amplification of segments of rearranged TCR-beta is reliable and highly suitable for the detection of small populations of clonal T-cells in asymptomatic HTLV-I carriers who present abnormal peripheral blood lymphocytes providing an additional instrument for following up these patients with potentially higher risk of leukemia.
Introduction
Human T-lymphotropic virus type I (HTLV-I) is the etiologic agent of adult T-cell leukemia/lymphoma (ATLL). It was in 1973 that ATLL, a previously unknown disease, was recognized in Japan (1) . In 1980, the causal relationship between ATLL and HTLV-I was demonstrated (2) . A mature T-cell non-Hodgkin's lymphoma, ATLL, is characterized by a leukemia phase presenting circulating activated CD4+/CD25+ T-cells. The HTLV-I infection has a wide distribution (3) with major endemic foci in the Caribbean (4, 5) and southern Japan (6) . Important endemic foci are also observed in South America, including Brazil, where the most important focus is in Salvador (7) (8) (9) (10) (11) . The common routes of transmission are motherto-child, blood transfusion and sexual activity, emphasizing the impact of HTLV-I-related diseases on public health (12) .
Since HTLV-I was identified as the etiologic agent of ATLL, diversity in clinical features of the disease has been observed, resulting in a division of the ATLL spectrum into several subtypes. Shimoyama (13) defined four clinical subtypes of ATLL (acute, chronic, smoldering, and lymphoma type), following widely accepted criteria. The prognoses of prototype ATLL (acute type) and of the lymphoma type are both poor, while those of the chronic and smoldering subtypes are generally much better. Distinguishing between subtypes is often difficult at the time of diagnosis. In general, diagnosis of the chronic or smoldering type is only made after several months of evaluation without treatment. On the other hand, due to the rapid deterioration seen in cases of ATLL, patients with the acute type usually die before receiving adequate treatment (14) .
After infection with HTLV-I, there is a long latent period before the onset of ATLL. The estimated interval between infection and malignancy is 20 to 30 years (15) . During this latency period, infected cells are maintained in a balance between expansion and death, until this balance is eventually lost. Integration of HTLV-I provirus into the genome of the infected cells occurs at random locations, and identification of the integration site may serve as a marker for the clonal origin of the expanded cell populations. The profile of HTLV-I proviral DNA integration progresses from an undetectable state or polyclonal pattern, in which no cell population expands sufficiently to be detected, to oligoclonality or monoclonality during malignant transformation. Leukemia cells are usually monoclonal with respect to proviral integration, which is evidence that they originated from a single infected cell (16) . Detection of clonal proliferation of infected cells, therefore, might indicate a pre-leukemia phase (17) .
The cells that are typically HTLV-I-infected (malignant) are CD2+/CD3+/CD4+/ CD5+/CD25+ and CD7-/CD8-cells. In addition, T-cell receptor (TCR)-alpha/beta is usually expressed. However, a conclusive diagnosis cannot be made by the identification of this immunophenotype alone. The presence in the blood of large flower-like cells with lobulated nuclei has been viewed as pathognomonic of ATLL (15) . However, the clonal proliferation of cells with integrated provirus is considered to be the definitive diagnostic parameter. In all types of ATLL, the monoclonal integration of the HTLV-I proviral DNA into tumor cells can be detected by Southern blotting (18) .
The use of a more sensitive method than Southern blot to detect either clonal evolution or a change in the clonal pattern in an earlier phase may lead to a therapeutic approach that would avert aggressive crises from indolent ATLL, as well as prevent the first outbreak of ATLL in HTLV-I carriers (18) . We propose that PCR amplification of the rearranged TCR-beta gene in order to detect clonal expansion of HTLV-I-infected T-cells would be a convenient method for detecting incipient clonal proliferation of infected cells. The TCR profile is variable in normal T-cell populations and becomes clonal in full-blown leukemia. In the present study, we used PCR to evaluate the rearrangement pattern of TCR-beta genes in order to detect early clonal proliferation in HTLV-I-positive patients for whom the diagnosis of ATLL was inconclusive.
HTLV-I infection and T-cell clonality

Patients and Methods
Patients
Blood samples were obtained from 17 patients identified as HTLV-I carriers during routine screening of blood donors. All presented circulating antibodies to HTLV-I proteins, and the results of a commercial ELISA were further confirmed by Western blot. All patients were also clinically asymptomatic and presented normal hepatic and renal function. Seven of these patients presented abnormal T-cells without providing any clear evidence of ATLL, and they were selected to constitute the primary study group (group I). The selection parameters included abnormal (but not "flower-like") cell morphology and increased expression of CD25 in T-lymphocytes, as evaluated by flow cytometry.
As a positive control group, we also included 18 patients with neoplasms of circulating T-cells and designated them group II. Of these, 5 had acute ATLL, 3 had chronic ATLL, 4 had T-cell large granular lymphocytic leukemia, 2 had mycosis fungoides/Sézary syndrome, and 4 had peripheral T-cell lymphoma, unspecified. The final diagnosis was always established according to the criteria defined by the World Health Organization Classification of Tumors (19) . As a negative control, we included 9 normal blood donors and 10 HTLV-I carriers without abnormal lymphocytes (group III).
All procedures were approved by the Ethics Committee of Hospital das Clínicas da Universidade de São Paulo and Fundação Hemocentro do Estado de São Paulo, and all patients included in this study gave written informed consent.
Methods
Hematology and flow cytometry. The differential leukocyte count was performed using an automated analyzer and under light microscopy, with a special focus on lymphocyte morphology. Monoclonal antibodies to CD3, CD4, CD5, CD7, CD8, CD16, CD19, CD25, CD56, TCR-alpha/beta and TCR-gamma/delta, from Becton Dickinson Immunocytometry Systems (San Jose, CA, USA), were used to enumerate the subsets of lymphocytes by flow cytometry.
Multiplex PCR. DNA was extracted from all 44 blood samples and purified by standard methods. High molecular weight (>50 kb) DNA was obtained. The samples were quantified by spectrophotometry.
The rearrangement pattern in the TCRbeta chain gene and the binding sites of the primers have been described by Zemlin et al. (20) and are briefly presented in the Results section of the present paper. We performed a screening PCR employing the amplification parameter described by these investigators and using the enzyme Ampli-Taq Gold (Applied Biosystems, Foster City, CA, USA), which provides a "hot-start" PCR, together with 150 ng DNA. For the 12 screening PCRs, the sense primers in four separate oligonucleotide mixtures (A, B, C, and D), bind to 24 variable families of TCR-beta. Two of the antisense primers (named Jbeta 1-e and Jbeta 2-e) match the two introns downstream of the Jbeta 1 and Jbeta 2 clusters, respectively. The third antisense primer, Jbeta 1-i, hybridizes to an intron region between Jbeta 1.3 and Jbeta 1.4 (Figure 1) . Each of the four sense primer mixes was combined with each of the three antisense primers. These primer combinations can amplify fragments of defined size ranges from 110 to 1210 ± 30 pb.
The second confirmatory PCR employs only the successful sense primer mix used with the Jbeta-specific antisense primers in 10 individual reactions. The second PCR results in short amplicons between 70 and 100 bp, and a distinct band can be distinguished from a smear over 20 bp due to polyclonal rearrangement of the background (20) . When the TCR-beta rearrangement occurred with the joining segments Jbeta 1.3, Jbeta 1.6 and Jbeta 2.7, the first PCR was already conclusive, and the second PCR was unnecessary.
As previously reported (20) , the primer combination mix C/Jbeta 1-i can amplify a 1560-bp fragment of the germline sequence between Dbeta 1 and Jbeta 1. The generation of this amplicon served as an indicator of the number of germline cells in our samples. All PCR products were analyzed by 8% polyacrylamide gel electrophoresis.
Southern blot. For Southern blotting, 20 µg genomic DNA was fully digested with either EcoRI or HindIII restriction enzymes. The DNA fragments were separated by electrophoresis on 0.7% agarose gel and blotted onto a Zeta-Probe ® nylon membrane (BioRad Laboratories, Hercules, CA, USA).
The membranes were probed with fluorescein-labeled fragments of DNA, previously amplified by PCR, using specific primers for the Jbeta 1 and Jbeta 2 segments of the human TCR-beta gene as described previously (21) . The amplicons were cloned in pGEM-T ® (Promega, Madison, WI, USA) and sequenced using the BigDye Reaction kit (Applied Biosystems) and an Applied Biosystems ABI prism ® 310 genetic analyzer. The amplified segments of the TCR-beta gene were labeled with biotin using the Gene Images Random Prime Labeling kit (Amersham, Uppsala, Sweden). The detection system was chemiluminescence blotting for nucleic acid (DAKO, Glostrup, Denmark). Table 1 displays an analysis of the proportion of abnormal non-"flower-like" lymphocytes, CD3+, CD4+, CD8+, and CD25+ lymphocytes, and the CD4/CD8 ratio. In addition to abnormal lymphocytes, some patients presented an increased proportion of CD25+ lymphocytes, and one patient presented an elevated CD4/CD8 ratio. All patients were clinically asymptomatic.
Results
Morphology and immunophenotyping
TCR-beta PCR
In order to detect the pattern of TCR-beta rearrangement, we performed PCRs in which we used the primers designed by Zemlin et al. (20) . The binding sites of the primers used for the screening PCR are detailed in Figure  1 . The combination of 4 mixes of sense primers and 3 antisense primers resulted in 12 different reactions. Depending on the rearranged Jbeta segment, these 12 primer combinations could lead to amplicons of determined sizes ranging from 110 ± 30 to 1210 ± 30 bp (20) . For monoclonal T-cell proliferation with one rearranged allele, the allele-specific amplicon dominates among weak bands generated by the polyclonal background. The confirmatory PCR was performed only with the successful sense primer mix and with all 10 Jbeta specific antisense primers (10 reactions). Zemlin et al. (20) did not design specific primers for all of the 13 joining regions because Jbeta 1.3, 2.6 and 2.7 segments already lead to small amplicons in the screening PCR, identifying the prevailing clone and, in these cases, obviating the need for a confirmatory PCR.
Samples from all 7 patients with an unconfirmed diagnosis were submitted to the first round of PCR to screen for clonal proliferation. When one or more of the twelve reactions resulted in amplicons within the expected size range, the confirmatory PCR was performed. After the second PCR round, we detected a strong band highly suggestive of clonal proliferation in 4 of 7 patients with an unconfirmed diagnosis ( Figure 2A ). All amplified fragments were from the Jbeta 1 cluster of TCR-beta, segments 1.1, 1.2, 1.2, and 1.1. In 2 patients, no clonal proliferation was observed; only a faint smear (no strong band) was seen. The screening PCR (first PCR) showed eight strong bands in the expected size range for one patient. This suggests oligoclonal proliferation, which was confirmed by the second PCR round. The confirmatory PCR showed three strong bands referring to the joining segments Jbeta 1.1, Jbeta 1.2, and Jbeta 2.5 ( Figure 2B) .
The PCR screening of TCR-beta chains generated in samples of the 18 patients from group II showed monoclonal proliferation in 10 patients and oligoclonal proliferation in the remaining 8. These results are presented in Table 2 and in Figure 3A , B, and C. The two PCR rounds were effective in detecting clonal proliferation of lymphocytes in all 18 patients presenting neoplasms.
The 19 individuals of group III (10 HTLV-I carriers and 9 normal blood donors) tested negative for clonal proliferation in the two PCR rounds (data not shown). 
Southern blot
In order to demonstrate clonal expansion in the leukemia patients and as a counterpoint to PCR results from the patients with inconclusive diagnoses, Southern blots were performed. The germline patterns of Southern blotting of EcoRI-and HindIII-digested DNA, probed with Jbeta 1 and Jbeta 2 probes, is depicted in Figure 4A and B. Figure 4C shows the hybridization pattern from a leukemia patient. In healthy individuals or in patients with mild polyclonal proliferation of T-lymphocytes, only the germ line bands were expected to be observed. In patients with monoclonal or oligoclonal proliferation, one or more bands, respectively, are expected in addition to the germ line bands, although the latter are not always visible because the germ line cells in the sample can be in very low concentrations.
We tested the 7 patients with an unconfirmed diagnosis by Southern blot. As shown in Figure 4D , all of the Southern blots from these patients showed only the germ line hybridization pattern. In our positive control group, only 9 of the 18 patient samples yielded sufficient DNA for Southern blotting. These 9 samples were hybridized with the Jbeta 1 and Jbeta 2 probes, and all showed bands corresponding to the joining cluster previously identified by PCR (data not shown).
Discussion
HTLV-I transforms the human primary T-cells CD4+, CD8-, DR+, and CD25+ both in vitro and in vivo. The oncogenic mechanisms of HTLV-I have many obscure features. When a cell is infected, the HTLV-I genome integrates into the genome of the host cell in a random process (23) . The roughly 9-kb sequence of the HTLV-I genome encodes structural proteins such as Gag and Env, enzymes such as reverse transcriptase, integrase and protease, and regulatory proteins such as Tax, Rex, p21X-III, p12, and others derived from the pX region of the genome (15, 24, 25) . The long terminal repeats located at the two ends (5' and 3') of the viral genome contain the viral promoter and other regulatory elements. The Tax protein is one of the most important elements for the transcriptional activation of the viral genome. The delicate equilibrium between the positive and negative effects of Tax and Rex on each other, on other viral products, and on other cellular proteins is one of the main determinants of the rate of viral replication.
Primary cultures of T-cells from HTLV-I-infected individuals most often yield an activated IL-2-dependent (immortalized), rather than IL-2-independent (transformed) T-cell line (25) . However, repeated culture of primary T-cells from HTLV-I-infected individuals with normal human T-cells often results in a transformed T-cell line, suggesting that malignant transformation does not occur until after the clonal selection (26, 27) . As previously discussed, leukemia develops after a long latent period and in only a small portion of infected individuals. Therefore, cumulative defects in the infected host cells, combined with immune suppression, seem to be responsible for the leukemia phenotype that appears only several years after viral infection (15) .
Since HTLV-I integrates its provirus randomly into host chromosomal DNA, identification of a cell population with a unique insertion site indicates the clonal proliferation of the HTLV-I-infected cells. Despite its low sensitivity, Southern blot analysis using labeled segments of the proviral DNA as probes has been used to detect monoclonal integration of the provirus. Takemoto et al. (22) proposed inverse PCR as a way of assessing the clonality of integrated HTLV-I proviral DNA. One of the problems with the inverse-PCR approach is that the provirus suffers partial deletions in a significant number of the infected cells, especially in patients with a poor prognosis (28) . Therefore, it is uncertain whether the specific HTLV-I primers will anneal during PCR. In addition, the inverse-PCR method is too complex to serve as a routine diagnostic test, especially if we consider the crucial step of DNA ligation to circularize the fragments. In our experience (20), detected clonal proliferation of T-lymphocytes. In the group of our 7 patients with abnormal lymphocytes in their peripheral blood, this method revealed the proliferation to be monoclonal in 4 patients and oligoclonal in one patient, although these lymphocytes were identified in Southern blots as polyclonal (designated germ line in the Results section). The TCR-beta PCR assay is fast and reliable, and the specific clonal insertion of HTLV-I can be confirmed separately.
The main limitation of PCR-based detection of clonal TCR rearrangements is the risk of false-positive results due to 'background' amplification of rearranged TCR-beta genes in polyclonal reactive T-lymphocytes. In HTLV-I carriers, significant reactive proliferation of T-lymphocytes destined to eliminate infected cells expressing viral proteins should occur. This reactive proliferation must not be taken as evidence for malignant transformation of HTLV-I-infected cells. However, it is important to emphasize that in our study none of the healthy carriers or blood donors presented any evidence of clonal rearrangement of TCR-beta. Other investigators have also demonstrated the specificity of a clonal TCR rearrangement for malignant and pre-malignant states. In these studies, none of the negative control individuals presented evidence of clonal lymphocyte proliferation, as evaluated by PCR amplification of segments of the rearranged TCR-beta gene (29) (30) (31) . Occasionally, patients with reactive T-lymphocytes have displayed an oligoclonal pattern, comprising only a few dominant clones, rather than a polyclonal rearrangement pattern. However, repeated independent PCR assays have clearly demonstrated that the dominant clones differed from each other among various PCRs at different times (31). Ohshima et al. (16) used Southern blots to analyze 16 healthy HTLV-I-positive patients and detected oligoclonal TCR-beta rearrangement in all 16. However, this finding is unusual in the literature, and we observed no such pattern in our patients. One possible explanation for the high incidence of oligoclonal TCR-beta rearrangement in carriers reported by Ohshima et al. (16) is incomplete digestion of the DNA samples with the restriction enzyme used in Southern blotting.
The identification of T-cell clonality in peripheral blood samples from HTLV-I-infected patients with abnormal peripheral blood lymphocytes may be of important diagnostic value. Over-interpretation of dominant PCR products with respect to the diagnosis of malignancy may be avoided by repeated independent PCR determinations and application of high-resolution separation techniques, such as DNA sequencing (32) . Reactive lymphoid tissues may present dominant PCR products that vary, whereas, under malignant conditions, dominant PCR products are always exactly reproducible.
The PCR amplification of segments of rearranged TCR-beta previously described by Zemlin et al. (20) and used, with minor modifications, in this study is reliable and highly suitable for the detection of small populations of clonal T-cells in healthy HTLV-I carriers that present abnormal lymphocytes in peripheral blood. These patients must be carefully monitored in order to detect early signals of malignant transformation. The low background of the second round of the TCRbeta PCR products enables direct sequencing. This may be extremely useful for the surveillance of the persistence of the same clone for an extended period, which would provide clearer evidence of the high possibility of developing ATLL.
